Holographic data storage is a new optical technology which allows storing an important number of bits in a recording material. In this work, two different types of modulations, defocused binary intensity modulation and phase modulation, are compared to obtain which modulation could be the most suitable for holographic data storage. The best modulation would be the modulation with a homogeneous distribution of energy in the FT plane with no zero frequency peak.
INTRODUCTION
In the present society new storage technologies are very important because they provide more capacity, higher density and faster data transfer, and enable more efficient data search. Conventional optical memory technologies, twodimensional surface-storage-based (like CD-ROMs and DVDs) have almost arrived at the limit of their capacity and they are becoming obsolete. In recent years there has been a focusing on the development of holographic storage techniques, in which information is not stored on the surface of the material, but in the volume [1] [2] [3] [4] . Holographic memories promise to increase storage density with higher reading speeds partly due to the inherent parallelism in the pursuit of information, and a very attractive and unique property, such as associativity allowing searches by content in parallel in all the memory.
For holographic data storage, liquid crystal displays (LCD) are used as spatial light modulators which introduce the information to be stored in the material [5] [6] [7] [8] . This information is stored by holographic techniques with the interference between the Fourier Transform (FT) of the object beam and a reference beam. In general, Binary intensity (BI) modulation is commonly used for the information sent to the LCD. However, this type of modulation produces a high zero spatial frequency in the Fourier plane with an intensity several orders of magnitude higher than the other frequencies 9 . As a result, the dynamic range of the material is saturated, limiting the storage capacity. The problems caused by the lack of homogeneity in the spectrum can be solved by using some other modulation schemes, such as binary phase modulation (BP) [9] [10] [11] [12] , or storing a slightly blurred version of the FT through defocusing when the BI modulation scheme is used. This paper analyzes the behaviour of these two modulations and compares the results obtained to see what modulation could be the most suitable for holographic data storage. To this end, two important parameters are compared to optimize holographic data storage: the Bit Error Rate (BER) 13 , which gives us an idea of the fidelity of information stored, and a parameter of homogeneity of the FT, which takes into account the finite dynamic range of the material. Different aspects of a realistic experimental setup are considered in the simulation, such as the finite aperture in the recording plane and the complex amplitude modulation capabilities of actual LCDs.
RESULTS
A good storage system must allow both to store the maximum number of bits possible and that the information stored presents a high fidelity, that is, the BER of stored images is minimized. In a holographic storage device two beams interfere in the plane where the recording material is placed: the object beam which carries the information to be stored, and the reference beam, a plane wave. The information to be stored is introduced into the object beam through the LCD so that, generally, the Fourier Transform (FT) of the object is stored in the material. Since it is the FT which is stored in the material, its properties will markedly influence the fidelity of the information when reconstructed. Fig. 1 shows a basic scheme of this storage device. The polarized beam emitted by the laser was split into two beams with a beam-splitter. Each beam was expanded and filtered using a microscope objective and a pinhole. Then the beams passed through a series of lenses and diaphragms in order to obtain collimated beams with the desired diameter. The two laser beams were spatially overlapped at the recording medium intersection. An LCD was placed in the object beam between two polarizers and two quarter wave plates used as an SLM. A lens (L1) was placed in front of the SLM and the Fourier transform (FT) of the data page was obtained at a finite distance. Once the object was stored, the hologram was illuminated in the reconstruction step with the same reference beam used in the recording. Another lens (L2) was placed behind the material and the Fourier transform (FT) of the diffracted beam is obtained in the plane of the camera. This paper will analyze the FT for different types of modulations to get a FT plane suitable for holographic data storage. The modulations to be compared will be: binary intensity modulation, defocused binary intensity modulation and binary phase modulation.
To compare the three modulations, an object of 256x256 bits with a bit size of 4x4 pixels, i.e. 64x64 bits data page, will be chosen to do the simulations. Up and low bits are randomly distributed with a 50/50 balance, and with the following restrictions: * Binary Intensity Modulation: half of the bits have a transmittance value of 0 and half a transmittance value of 1.
* Binary Phase Modulation: All bits have a transmittance of 1, half with a phase difference of π rad in comparison with the other half.
Furthermore, in order to simulate as best as possible the laboratory system, the data page will be framed with a filling of zeros (zero padding) to simulate the finite aperture of the LCD plane. Thus the spectrum of the signal is magnified in the same proportion as the ratio of the zero padding length with respect to the data page length. This ratio is a factor of 2 in our simulation. The bandwidth is not altered, but an interpolation occurs at the frequency plane. To compare the three modulations, the influences of three important parameters in the optimization of a holographic storage system are going to be discussed: the maximum peak intensity, the homogeneity and the Bit Error Rate (BER).
The maximum intensity peak is defined as the highest intensity of all frequencies of the FT of the object.
The homogeneity is defined as the relation between the maximum intensity peak and the mean intensity of the FT.
The BER is defined as the probability of having erroneous bits in the image. To calculate the BER 13 , first, we represent the number of pixels obtained with a certain gray level in the black or in the white regions (Fig. 4) . In this figure, the number of pixels in the black region is represented by full circles and the number of pixels in the white region is represented by empty squares. As can be seen, the two distributions are clearly distinguishable, although there is an interval at which they overlap. In this interval, a certain grey level must be established as the threshold point. This threshold point is called x. From this figure, the BER is calculated from
where W W and W B are the white and black pixels distributions respectively, x is the threshold point and N is the total number of pixels of the object.
The BER calculation process is repeated for all grey levels in the overlap interval, obtaining the BER for each threshold point inside this interval. Fig. 5 shows the BER versus the grey level for all these threshold points. The final threshold point x and BER value of the object correspond to the minimum BER obtained. In the case of Fig. 5 , the threshold point is the gray level 90, and its BER value 0.009. As mentioned, the FT of the data page will be stored in the material. So, it is desirable that this FT has a small size in order to occupy less space in the holographic memory, and then store a greater number of holograms in a certain surface area of material. To achieve this, we will limit the extent of the frequency spectrum that is recorded on the material (low pass filter), reaching a compromise between the cut-off frequency and the fidelity of the image after the reconstruction.
During the simulation, the spectrum will be low pass filtered applying a pupil function with a given aperture size.
Having described the parameters with which the modulations are to be compared, the next step will be to generate the data page and analyze these parameters. In order to obtain realistic results, simulations with the parameters obtained from the calibration and optimization of a real SLM are used. The parameters are obtained for a LCD model Sony LCD LCX016AL-6 sold by the company Holoeye (LC2002) ( Table 1) . This LCD has a resolution of 800x600 and a pixel size of 32μm. The calibration and optimization processes are described in Ref. 8, 14, 15 . The value used in the simulation for the parameter z (distance from the LCD to the Fourier plane, see figure 1) As explained above, the maximum intensity peak, the homogeneity and the BER have been calculated and these parameters have been represented versus the cut-off frequency in Fig. 6 for the binary phase modulation (full squares) and for the binary intensity modulation (empty circles). The frequency has been normalized to the Nyquist frequency.
We have done some calculations using the values already presented for the parameters in the simulation. For the binary intensity modulation we obtain that the intensity peak is several orders of magnitude higher than the peak obtained with the binary phase modulation: for our simulation parameters the intensity peak is about 10 9 for the binary intensity modulation whereas it is about 10 6 for the binary phase modulation. Accordingly we obtain that the homogeneity defined above is higher for the binary intensity modulation, which means that the FT of the modulation is less homogeneous than the binary phase modulation. Fig. 6 represents the BER versus the cut-off frequency of the low pass filter in the plane of the material. In this case, for cut-off frequencies higher than the fundamental frequency of the data page information (1/2 of the Nyquist frequency required to properly sample the data page), the BER is equal to zero; for the fundamental frequency, the BER for the binary intensity modulation is near to zero and the BER value for the binary phase modulation is near to 0.1. But for frequencies smaller than the fundamental frequency, the BER values are higher than 0.3, so the quality of the reconstructed image is not acceptable. So if we compare the binary intensity and the binary phase modulation, the second one is more appropriate for holographic data storage because it has a maximum intensity peak and a homogeneity lower than the first one. And the cut-off frequency more appropriate could be 0.75·F Nyquist because it is the minimum frequency with a BER value nearest to zero.
From Fig. 6 we obtain that with a cut-off frequency of 0.75•F Nyquist the BER value is closed to zero for the two modulations, but the maximum intensity peak and the homogeneity are higher with the binary intensity modulation than with the binary phase modulation. Now we will analyze the usefulness of defocus binary intensity modulation applied for holographic data storage. Fig. 7 represents the maximum intensity peak, the homogeneity and the BER for the binary phase modulation (full squares), for the binary intensity modulation (empty circles with Δz = 0) and for the defocused binary intensity modulation (empty circles with Δz > 0) for a cut-off frequency of 0.75•F Nyquist . Fig. 7a represents the maximum intensity peak for the three modulations. As can be seen, the binary intensity modulation with Δz = 0 has an intensity peak 10 5 times higher than the binary phase modulation. However, the intensity peak diminishes when Δz increases (when defocus increases) and for a defocus Δz=16 mm the two modulations have approximately the same intensity peak value. Moreover, if we observe Fig. 7b , we can see that homogeneity diminishes too when defocus increases. Homogeneity is even lower than binary phase modulation for a Δz>8mm. In Fig. 7c the BER increases with Δz. However, for a Δz=16 mm, the BER value is about 0.02, so it is not very high and can be considered acceptable. In summary, binary intensity modulation may be used for holographic data storage when a defocus FT plane is registered in the material; even it could be better than the binary phase modulation for a Δz=16 mm because the intensity peak is the same, the homogeneity is lower and the BER is small. Fig . 8 represents the maximum intensity peak, the homogeneity and the BER for a cut-off frequency of 0.5•F Nyquist versus the defocus Δz. As in Fig. 7 , the maximum intensity peak and the homogeneity decrease when Δz increases, and the BER increases with Δz. For a Δz=6 mm, more and less the same values as the binary phase modulation are obtained for the intensity peak and the homogeneity. And the BER is even lower (BER phase =0.085, BER defocus =0.025). However, these values are higher than the ones obtained for the cut-off frequency of 0.75•F Nyquist.
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CONCLUSIONS
In this work we have simulated the behavior of three different modulations, the binary phase modulation, the binary intensity modulation and the defocus binary intensity modulation to see which one would be most suitable to be used in the manufacture of a holographic memory. Appropriate modulation would be one providing an intensity peak, a homogeneity and a BER values as low as possible. In this sense binary phase modulation and defocus binary intensity modulation are good choices.
